This paper investigates a possible source of inaccuracy for transmission line macromodels based on the Method of Characteristics (MoC). We show that, for the general class oflines with a vanishing DC conductance, the standardprocedure ofdelay extraction followed by a rationalfunction approximation of characteristic admittance and delayless propagation operators may lead to a wrong DC behavior ofthe macromodel. This degeneracy may be resolved by a suitable perturbation on the DC conductance. We show that this perturbation can be designed in order to ensure arbitrary accuracy ofthe DC response ofthe macromodel, without affecting the accuracy and efficiency ofthe MoCformulation.
Introduction
Modeling and simulation of transmission line structures remains a very challenging task despite the extensive research work that has been dedicated to the subject over many years. The ultimate goal is a SPICE-compatible model of the transmission line, allowing for transient simulations of structures that are natively characterized via frequency-dependent parameters. Many different techniques have been proposed to handle this problem. We can cite standard lumped circuit segmentation [1] , Matrix Rational Approximations (MRA) [7] , and delayextraction based techniques. Among the latter, we can distinguish the methods based on total delay extraction, usually denoted as Method of Characteristics (MoC) approaches [3] [4] [5] [6] since the original lossless formulation by Branin [2] , and the more recent methods based on Lie product decomposition [8] . Depending on the specific class of line under consideration, a specific method may be preferred. For instance, short lines with a negligible propagation delay may be efficiently described by segmentation or MRA approaches. On the other hand, these techniques become inefficient when the delay is comparable to or larger than the rise time of the signal waveforms. For these structures it is widely recognized that approaches based on the delay extraction are more efficient and should be preferred.
The focus of this paper is on MoC-based macromodels of frequency-dependent multiconductor transmission lines. We consider the general class of lines with a per-unit-length conductance that is vanishing at zero frequency (DC). Most commonly-used models of lines on chip, chip carrier, board, and cables fall into this class. We show that the standard procedure for the MoC-based macromodel generation, i.e., the independent computation of rational approximations for both characteristic admittance and delayless propagation operators, does not allow the control of the macromodel accuracy under constant (DC) excitation. Clearly, this lack of accuracy poses serious limits to extensive use of the macromodel for system-level simulations using SPICE-like solvers. We show that this ill-posedness is due to a degeneracy of the macromodel topology at DC, which becomes not consistent with the DC transmission-line stamp.
The DC degeneracy does not occur when the DC per-unit-length conductance matrix is nonvanishing. This suggests a possible approach to overcome this difficulty, namely the introduction of a perturbation term in the macromodel corresponding to a small amount of shunt losses and consisting of a small DC per-unit-length conductance. A systematic derivation shows that the proposed stamp of the macromodel becomes fully DC compliant when this perturbation term is inserted. In addition, a sensitivity analysis allows to relate the deviation induced in the macromodel DC 
and with 
The complete macromodel equations result identical to Eqs. (3)- (4) 
Accuracy-controlled DC regularization
We have already shown in Section 2 that the MoC formulation is automatically DC compliant when the DC conductance is non-vanishing. We exploit this fact to design a regularization procedure for the DC degeneracy also in the case of vanishing DC conductance.
The basic assumption that we make is a smooth dependence of the transmission line responses under small perturbations in the DC conductance. The formal proof of this fact is omitted here because of lack of space. This assumption allows for a series expansion of the transmission line chain matrix elements in Eq. (16) (27) dependence of this relative error on the perturbation we obtain, after a straightforward derivation, the induced perturbation on the nominal DC point as V2 V2 LZZtoZZt tVS (28) The error on the DC point is therefore linearly related to the scalar perturbation term GO. This implies that, for any given termination scheme, a suitable value for Go can be determined a priori in order to insure a given accuracy in the DC point. In order to make the above considerations more explicit, we analyze the scalar transmission line case in detail, noting that the main conclusions will hold for the general multiconductor case. The relative error on the DC point for the scalar case reads ZS (GOL)ZL Packaging, Vol.12, Princeton, NJ, October 2003, pp.251-254. 
